The suitability of organic materials as growing media in plant production is largely dependent on their physical properties. However, the properties and impacts of different stress factors on Sphagnum-based materials are not fully understood. This study aimed to quantify differences in water retention, aeration, and pore structure characteristics of three different low-or non-humified Sphagnum-based growing media using three-dimensional (3D) X-ray imaging and conventional physical measurements. In addition, we assessed the impacts of intense drying-wetting cycles on their pore structure. The imaged porosities of the materials differed significantly with decomposition degree. Drying curve observations showed that drying of the materials occurred in three phases with (i) large changes in the air-filled porosity in the matric potential range 0.2 to 3.2 kPa, (ii) clearly smaller changes at 3.2 to 312 kPa, and (iii) large changes at 312 to 1585 kPa, comparable to the change in the wet end of the drying curves (0.2-3.2 kPa). The aeration of the materials was sufficient for plant growth in the second and third phases, where the amount of easily available water was low. This challenges the suitability of the materials under conditions without regular irrigation. The 3D imaging also revealed how pore-size distributions shifted toward smaller pore-size classes with increasing decomposition degree and stress impact of the drying-wetting cycles. However, unexpectedly most of the imaged porosity (³97%) and height (96-98%) of the samples was recovered during rewetting. Overall, the results demonstrate how the water retention, aeration, and shrinkage properties of growing media are inherently interlinked.
Currently peat, particularly Sphagnum peat, is one of the most popular growing media due to its favorable characteristics and economics (Schmilewski, 2008) . Recently, undecomposed Sphagnum moss has also been suggested as a potentially more sustainable alternative to the peat materials, as it can swiftly regrow after harvest and only the topmost layer of the deposit is subjected to harvest (Gaudig et al., 2014; Pouliot et al., 2015; Silvan et al., 2017) . Besides chemical properties, the suitability of different organic materials to function as a growing medium is dependent on their unique physical characteristics. However, detailed understanding of physical properties and their sensitivity to different stress factors is still limited, especially regarding moss materials.
Appropriate physical characteristics of organic growing media include the ability to provide sufficient moisture retention and aeration properties. Satisfactory plant growth simultaneously requires both an air-filled porosity of 0.3 to 0.4 (Caron et al., 2015; Heiskanen, 1993) and a sufficient amount of easily available water, but it is not clear how well different materials fulfill these demands under different conditions. Sphagnum-based organic growing media have similarities with peat soils, but the physical characteristics of peat soils have been more widely studied. In peat soils, the favorable properties are controlled by various factors, including decomposition degree, compaction rate, and origin of the material (Michel, 2010; Rezanezhad et al., 2016) . Pore structure is known Core Ideas • 3D imaging and conventional observations revealed growing media physical properties. • Decomposition degree controlled porosity and pore-size distributions. • Aeration was typically low when the amount of easily available water was sufficient. • Materials shrunk when desorbed but mostly recovered their structure during wetting. • It was shown how moisture retention, aeration, and shrinkage were interlinked.
p. 2 of 10 to control the hydrological behavior of the peat materials to a large extent (Kennedy and Price, 2005) . It is also well established that organic soils and materials tend to shrink during drying , which can cause changes in their water storage and other physical properties. Compressibility has been further shown to be linked with decomposition degree ). An applicable growing medium must maintain its physical stability under different stress conditions, such as wetting-drying cycles, but the processes leading to deterioration of the favorable characteristics under different stress conditions are not fully understood. X-ray tomography and image processing (e.g., Kettridge and Binley, 2008; Quinton et al., 2009; Rezanezhad et al., 2010) provide a method to conduct detailed analysis of the structure and hydraulic properties of organic growing media. Particularly threedimensional (3D) X-ray tomography methods provide one of the most advanced approaches to produce detailed quantitative observations of porous media. Applications of these methods to organic growing media have not been conducted previously. However, previous applications to peat materials have demonstrated the benefits and usability of the method (Rezanezhad et al., 2010; Quinton et al., 2008 Quinton et al., , 2009 . Previous imaging studies of organic media have been based on a relatively small number of samples (Quinton et al., 2008 (Quinton et al., , 2009 Rezanezhad et al., 2010) , which provides valuable information about the studied properties but excludes a description of inter-sample variability and does not enable a statistical analysis of studied variables to be conducted. The 3D imaging methods with a higher number of samples would provide even more comprehensive information about the structural properties of different organic materials under different stress conditions, but such analysis has not yet been conducted.
The objectives of this study were to: (i) quantify differences in moisture retention, aeration, pore structure, and shrinkage properties of three commercial Sphagnum-based organic growing media (moss, light peat, and dark peat) with different degrees of decomposition; and (ii) quantify the impacts of drying-wetting cycles on their structural properties. It was hypothesized that (i) humification degree has an impact on the pore structure of the studied materials and (ii) the intense drying-wetting cycles have a clear impact on the physical properties of the media. Pore structures were quantified with a relatively high number of 3D X-ray tomography scans combined with quantitative image processing, which provided a novel approach to study the growing media properties.
Materials and Methods

Studied Materials
Three different commercial growing media varying in degree of decomposition were chosen for the study. The materials are here referred to as (i) moss, (ii) light peat, and (iii) dark peat and are introduced in more detail below. All of the materials originated from peat and moss production areas of southwestern Finland, were produced by Biolan Ltd, and were processed before entering markets as follows. The harvesting was conducted in summer periods when relatively low soil moisture conditions prevailed at the top of the organic deposit. The moss material consisted of fresh undecomposed Sphagnum mosses harvested 0 to 0.3 m from the surface of the deposit. The moss was mechanically crushed after harvesting and thereafter sieved using a sieve size of 20 mm. No additional drying procedures were conducted during production. The light and dark peat materials originated from peat production areas, and the materials were milled and dried on site before harvesting. Roughly 10% (v/v) of sand was added to the harvested fresh peat materials, and they were thereafter sieved using a sieve size of 20 mm. According to the von Post (1922) scale, the degrees of humification of the moss, light peat, and dark peat materials were estimated to represent the H1, H2, and H3 classes, which indicate undecomposed or slightly decomposed peat materials with no or little amorphous material present. The moss material was undecomposed, and the dark peat material had a visibly darker color than the light peat material.
Sample Packing
Samples were packed in cylinders with the aim of (i) having a similar density of the material as in practical growing media applications and (ii) excluding the impacts caused by different packing strategies. Heiskanen (1990) , who studied the impacts of packing strategies on peat-based growing media moisture retention, suggested that a pressure of 10 g cm −2 and exposure time of 5 s was sufficient to reproduce packing conditions in a nursery garden. In the current study, the impacts of packing strategy on the sample densities were estimated by means of measuring the dry mass of the samples packed with two different methods with five moisture contents. In the tests, the samples (using a cylinder with 72-mm diameter and 48-mm height) were prepared by (i) packing the whole sample with a single compression of 32 g cm −2 or (ii) packing the sample in two steps by applying a pressure of 16 to 19 g cm −2 first to half of the sample and then again to the whole sample. All pressure exposure times were 5 s.
The impacts of the different packing strategies on the final dry masses within the sample cylinders were smaller than the differences in the mean dry masses of the different packed materials ( Fig. 1a ). Thus, it was concluded that the initial moisture content does not have a high impact on the post-packing density of the studied materials, and the actual samples were packed at those moisture contents where they were commercially available (moisture content of 75, 28, and 42% [w/w] for the moss, light peat, and dark peat, respectively). The two-step packing approach was used because it induced a lower deviation of the dry masses, which was assumed to indicate more homogeneous packing. Two sample sets were prepared for the measurements. For the drying curve measurements (moisture, air, and solid contents), seven samples of each material were packed in aluminum cylinders with a 72-mm diameter and 48-mm height. For the 3D imaging measurements, five samples of each material were prepared with a diameter of 46 mm and height of 40 mm to achieve a suitable 3D image resolution (see below for details).
The solid densities of the studied materials, shown in Fig. 1b , were determined with a pycnometer and showed differences among the materials. Ash content analysis (oven drying at 550°C, three replicas per material) further showed that these differences were to a large extent caused by a varying amount of inorganic material in the samples (Fig. 1b ). The amount of inorganic material was higher in the light peat samples than in the dark peat samples ( Fig.  1b ). However, the dry masses in the dark peat samples were higher than in the light peat samples ( Fig. 1a ), which was attributed to differences in the pore structure of the materials.
Even though the materials were relatively homogeneous, preliminary sample packing tests showed occasional outlier values in the masses of the packed samples, which were probably caused by miscarried or unrepresentative sampling. The outlier values could potentially lead to a biased estimate of the properties of the studied materials due to a relatively low number of replicates. Therefore, before packing the actual samples for the drying curve measurements and 3D imaging, 10 test samples were packed to determine mean sample masses and typical ranges of the sample mass variation. When packing the actual samples, only samples that had a mass within ±5% of the measured mean were accepted.
Moisture Characteristic Curves, Shrinkage Measurement, Air Contents, and Drying-Wetting Cycles
The soil moisture characteristic curves (SMCCs) were measured by first placing the samples in a sandbox apparatus (Eijkelkamp) and moistening them stepwise to a suction of 0 kPa (water level in the middle of the cylinder) during 11 d. Due to the slow moistening of the Sphagnum moss samples, the water level was raised additional 1 cm to achieve full saturation. The moisture contents were measured under the suction pressures of 0.3, 1.0, 3.2, 5.0, 6.3, 7.9, 10. 0, 12.6, 15.8, 20.0, 25.1, 31.6, 39.8, 63 .1, 100.0, and 316.2 kPa as a drying curve by weighing the samples. The sandbox apparatus was used in the range 0.3 to 10.0 kPa and ceramic plates in a pressure extractor for the higher suction pressure steps. The equilibration times of the moisture content measurements varied between 2 and 19 d depending on the suction pressure. The equilibration times can be considered sufficient, as Päivänen (1973) suggested that in the suction range of 10 to 100 kPa equilibrium can be reached within 3 d and in the range of 100 to 1585 kPa usually in 3 to 6 d in peat soils. In the current study, moisture contents at the wilting point (1585 kPa) were measured by vapor pressure equilibrium with saturated ammonium oxalate solution (68 d in desiccator at a constant room temperature).
In each of the suction pressure steps, shrinkage of the samples was measured both vertically and horizontally. The vertical shrinkage was measured at five locations per sample using a vernier caliper. The horizontal distance between the sample container and the growing medium was observed from four locations in each sample with a feeler gauge.
The moisture, air, and solid material contents were calculated per sample material volume to take into account the shrinkage dynamics of the studied materials. Moisture contents were calculated as
where q [L 3 L −3 ] is the moisture content, V w [L 3 ] is the water volume, and V m [L 3 ] is the sample material (moss or peat) volume. The V w was calculated based on water density and the measured mass and dry mass of each sample. The V m was calculated as the difference between the original sample volume and the measured shrunken volume. Air contents at the different suction pressures were calculated as
] is the solid material volume, and V sh [L 3 ] is the shrinkage volume. The V so was calculated as the quotient of measured dry mass and solid density. Air and moisture contents at the wilting point were estimated by using the shrinkage measurements at 316.2 kPa. The 3D imaged samples were subjected to four drying-wetting cycles where the samples were dried approximately to the wilting point conditions (a suction of approximately 1500 kPa) and subsequently rewetted to field capacity (a suction of 10 kPa). The drying was conducted by placing the samples in a fume closet under high ventilation conditions at a mean temperature of 20°C. The samples were kept in this environment, on average, 4 d per cycle. After the drying treatment, the mean volumetric moisture content of the samples was 4.2%, which can be considered to be close to the wilting point of peat materials (e.g., Weiss et al., 1998). The samples were rewetted using the sandbox apparatus as described above. One moss sample was accidentally destroyed during the drying-wetting cycles and was therefore excluded from the analysis.
Three-Dimensional Imaging and Processing
Three-Dimensional Imaging
The 3D imaging of the samples (three materials, five replicates) was performed twice, which resulted in 28 scans when the accidentally destroyed moss sample was excluded. The first imaging round was conducted before the drying-wetting cycles and the second round thereafter. Before both of the imaging rounds, the samples were set to static moisture conditions at a suction pressure of 10 kPa using the sandbox apparatus. The 3D X-ray computed microtomography imaging of the samples was conducted with a GE Phoenix v|tome|x m (General Electric) device. This X-ray scanner uses cone-beam imaging and was equipped with a GE 16-inch (?41-cm) flat panel detector with 2014 by 2014 detector crystals (GE DRX250RT). The radiograph pixel size was adjusted to 29.34 mm. Care was taken that the focal spot size remained small compared with the geometrical resolution so that an effective image voxel size of ?30 mm was realistic. The latter corresponds approximately with the air-filled pore size at field capacity (suction pressure of 10 kPa). In total, 2000 projections were acquired per 3D image, each from a different angle, equally distributed throughout a 360° rotation. Each projection was computed as the average of five images. The source voltage was 130 kV, the source current 240 mA, and the exposure time 250 ms. The radiographs were converted to 16-bit grayscale image stacks with the GE image reconstruction software datos|s using the inline median and ROI-CT filters. The size of the image stack was 2048 by 2048 by 2048 voxels.
Image Processing
For the quantitative image analyses of the pore structures, the images were processed in several steps to create a binary representation of pores and solids. First, for each sample, a region of interest was set to have the shape of a cylinder that included the studied materials and excluded the aluminum container and the surrounding regions. The 16-bit images were then filtered with a cubic 3D variance-weighted mean filter (Gonzales and Woods, 2001) to reduce the amount of noise in the images. In variance-weighted mean filtering, higher local grayscale variance indicates the presence of edges, and therefore these locations are smoothed less than those with low variance by using variance-based weighting in the filter.
Before segmentation, the filtered 16-bit images were converted to 8-bit grayscale images. Also, the images were converted to contain only those regions of a grayscale histogram that described pores and solid materials of the studied material. The conversion of each 16-bit grayscale value (G 16bit ) was conducted using (e.g., Larsbo et al., 2014) 
where G 8bit is the converted 8-bit grayscale value, G 8bit,max is the maximum 8-bit grayscale value, G 8bit,min is the minimum 8-bit grayscale value, G 16bit,max and G 16bit,min are the 16-bit grayscale values at minimum and maximum percentiles, respectively, of the region of interest in the 16-bit histogram. The determination of G 16bit,max and G 16bit,min was based on visual assessment. The determination was conducted by finding such material-specific grayscale percentiles (from the entire 16-bit histogram) that corresponded to the lowest and highest grayscale values describing pores and organic material, respectively. The determined percentiles were the 12th and 70th for the light and dark peat samples and the 12th and 76th for the moss samples. Thereafter, the images were segmented into the two classes (pores and solids) using the segmentation algorithm of Sauvola and Pietikäinen (2000) . The algorithm was implemented as a local moving 3D window with a radius of 20 voxels. Based on a visual assessment, the applied segmentation approach led to appropriate segmentations.
The segmented binary images were further filtered with a majority filter. Isolated solids with a volume £100 voxels were considered noise and removed from the images. The image analyses were conducted with the resulting binary samples.
Image Analyses
Quantitative image analyses were conducted to compute porosities, pore-size distributions, and sample heights. The applied methods are, to a large extent, similar to those used by Hyväluoma et al. (2018) and are briefly presented here. All of the image analyses considered pore sizes larger than the imaging resolution.
In the current study, the region of interest for the image analyses was set to include a cylinder smaller than the sample to reduce possible boundary influences on the results. Thus, 150 vertically lowermost, 85 vertically uppermost (from the lowest depression on the sample surface) and 35 horizontally outermost voxels of the cylinder were excluded from the analysis. In the light peat samples, the reflection of X-rays from sand particles in the uppermost regions of the samples caused disturbance in the images and inflicted uncertainty in the segmentations. Therefore, 300 uppermost voxel layers were excluded from the light peat images.
The imaged porosities were calculated as the quotient between the number of the pore and solid voxels. To estimate vertical variation in the imaged sample porosities, the porosities were also calculated for each voxel layer of the samples.
The pore-size distributions were computed based on mathematical morphology (Horgan, 1998) . In mathematical morphology, the images are probed with a structuring element. In the current study, the structuring element was set to have the shape of a sphere. The pore-size distributions were calculated by successively applying a morphological opening with a structuring element of increasing radius (e.g., Hilpert et al., 2003) . Opening refers to morphological erosion followed by dilation, which removes small pores from the pore space. The number of samples was relatively high in the current study, and the computational times increased as the radius of the structuring element increased. To reduce the computational demands, the resolution of the image was halved when the element diameter exceeded thresholds of 469, 1878, and 4224 mm. To exclude the impacts of the resolution change on the results, after a resolution change the pore volume was computed with both the higher resolution and the halved resolution. The difference between these two pore volumes was deducted from the pore volume computations that used the consequent higher structuring element sizes. According to computational tests, the resolution change did not have a marked impact on the results.
The sample lengths were determined using the whole images (rather than the regions of interest) by lowering adjacent squareshaped planes (edge length of 40 voxels) from the top of the image until they reached a solid voxel. This resulted in >1000 local length determinations per image, and their mean was calculated to describe the sample length.
Statistical Analyses
Statistical analyses were performed to quantitatively compare the studied variables. Regarding the SMCCs and air contents, the analyses were based on repeated measures design with three materials, 17 (SMCC, air contents, and solid contents) suction pressure points, and seven replicates. Generalized linear mixed models with Gaussian (with an identity link) and b (with a logit link) distributions were used, with material and suction pressure and their interaction as fixed effects. Correlation between suction pressure points was taken into account using a first-order autoregressive and compound symmetry covariance structure (Gbur et al., 2012) . The same statistical model with three materials, two time points, and five replicates was applied to analyze the imaged sample porosity and height data, with material and time point (before and after) and their interaction as fixed effects. Correlation between time points was taken into account using a compound symmetry covariance structure.
All Gaussian models were fitted by using the restricted maximum likelihood estimation method, and residual pseudolikelihood was used in the water content data analyses. The suitability of the models was studied by residual analysis. The residuals were checked for normality using a boxplot and plotted against the fitted values. The method of Westfall was used for pairwise comparisons of means (Westfall, 1997) . A significance level of a = 0.05 was used in all the analyses. The degrees of freedom were calculated using the Kenward-Roger method (Kenward and Roger, 2009 ). The analyses were performed using the GLIMMIX procedure (SAS Institute, 2014).
The statistical comparisons presented below are based on the models described above, whereas all other results show raw data from the measurements.
Results
Porosities
The 3D image analyses showed differences among the imaged porosities of the studied materials, and visually, the dark peat material seemed denser than the other materials (Fig. 2) . The quantitative analyses indicated that in the first imaging the imaged porosities were the highest in the moss samples (0.39-0.41), followed by light peat (0.32-0.35), whereas the lowest values (0.30-0.31) were found in the dark peat (Fig. 3) . The imaged porosities of all three materials differed statistically significantly from each other (p < 0.001).
According to the air and moisture content measurements, a major share of the pore space of all materials resided in pores with the diameter ³30 mm (suction pressure £10 kPa, Fig. 4 ). This suggests that the applied imaging resolution counted a major portion (43-54%) of the volume of the samples, although the size of the smallest detectable pore was probably slightly larger than the voxel size.
Regarding the air contents, the drying curves (Fig. 4b) can be divided into three distinct phases. First, an abrupt change in the air contents of the materials occurred at suction pressures 0.3 to 3.2 kPa (mean change 0.29-0.44). Second, a constant but gentler change in the air contents occurred at suction pressures 3.2 to 316.2 kPa (mean change 0.09-0.14). Last, air content change at suction pressures 316.2 to 1584.9 kPa (mean change 0.26-0.34) was comparable to the change in the wet end of the curve (0.3-3.2 kPa). The SMCCs showed similar behavior (Fig. 4a ). Fig. 2 . Visualized cross-sections (width 0.2 mm) and three-dimensional (3D) blocks of processed and segmented 3D images of three individual samples from the first imaging round. Gray color denotes solid material and voids denote pore space. The solid material contents of the three studied materials differed statistically (p < 0.001), but both differences and similarities were found in the moisture and air contents of the materials. The pairwise statistical comparison showed that the air and moisture contents of the three materials differed from each other, with the exception that the air contents of the light peat and moss materials did not differ (p > 0.19) at suction pressures 10 to 63 kPa and the moisture contents of the light and dark peat materials did not differ (p > 0.09) at ³25 kPa (Fig. 4) . Regarding moisture contents at the wilting point, only the dark peat and moss samples differed statistically (p < 0.03). The moisture contents of the moss material were higher than that of the peat materials at all pressures, with the exception of the wilting point (Fig. 4a) . The dark peat material differed from the other materials by having lower air content than the other materials at all suction pressures ³3.2 kPa. Overall, the greatest differences in the properties of the materials prevailed in their moisture contents at low suction pressures (£3.2 kPa; Fig. 4) .
According to the image analyses, the drying-wetting cycles between the first and second imaging induced a small but systematic reduction in the imaged porosity of each of the studied samples. The mean imaged porosity of dark peat was reduced the most (2.1%), followed by light peat (1.5%) and moss (1.0%) (Fig.  3) . The pairwise statistical tests showed that the imaged porosities of the first and second imagings differed significantly in all of the studied materials (p < 0.05).
Vertical variation in the regions of interest of the imaged samples showed slightly greater porosity in the upper domains of the regions (Fig. 5) . As shown by the vertical porosity values (Fig. 5) , the imaged porosity changes due to the drying-wetting cycles were small and occurred rather sporadically throughout the samples.
Shrinkage
The mean height of the imaged materials in the first imaging (suction pressure 10 kPa) was the lowest in the moss (34 mm), whereas the mean heights of the light peat (38 mm) and dark peat (37 mm) were comparable. The materials shrunk compared with their original height (40 mm) before the first imaging, as they were subjected to the suction pressure of 10 kPa. The pairwise statistical test showed significant differences between the imaged heights of the moss and the other two materials (p < 0.001), whereas no p. 7 of 10 significant differences were found between the light and dark peat (p = 0.22).
After the four drying-wetting cycles, the imaged material heights (at the suction pressure of 10 kPa) decreased systematically in all studied samples. On average, the imaged sample height decrease was 3.1% in moss, 3.9% in light peat, and 2.5% in dark peat samples (Fig. 6a ). According to pairwise statistical tests, the heights of all materials between the first and second imaging differed significantly (p < 0.001). The shrinkage of the larger samples (drying curve observations) during drying was relatively high (Fig.  6b) . Thus, the results demonstrated the ability of the materials to recover their height (Fig. 6) and porosity (Fig. 3) from the dryinginduced shrinkage.
The shrinkage of the materials with suction ( Fig. 6b ) corresponded with the moisture retention curves (Fig. 4a ) in the sense that the greatest shrinkage occurred at such pressure ranges where also the largest changes in the moisture contents occurred (<3.2 kPa). At the higher suction pressures, both the amount of shrinkage and the changes in moisture contents were clearly smaller (Fig. 6b ). The moss material shrank more than the two peat materials (Fig. 6b ).
Pore-Size Distributions
The pore-size distributions (Fig. 7a-7c ) quantified how the imaged pore volume was distributed among the different pore size classes in the studied materials. Figures 7a to 7c shows how the pore volumes in the dark peat samples were concentrated in the relatively small pores, whereas the volume in the light peat and moss samples was more evenly distributed among the different pore size classes, with a lower decomposition degree leading to a higher share of the volume in the larger pore size classes. The dark peat samples had the highest mean share of volume in the three smallest pore size classes (diameter 29-352 mm), while the light peat and moss samples had a higher mean pore volume share in all the other pore size classes. In comparison with the other materials, the light peat samples had the highest mean share of pores in the pore sizes 352 to 469 mm. The moss samples had a higher mean share of pores than the other materials in all of the larger pore size classes (>469 mm). Note that the deviations in the volume distribution values were small compared with the mean values ( Fig. 7a-7c ).
Mean differences in the volume distributions between the first and second imaging are shown in Fig. 7d to 7f . The values show increase in the volume share of the two smallest pore size classes (29-235 mm) in all materials. The results also show a decrease in the volume share of all the other classes. Even though there was variation in the differences (Fig. 7d-7f ), these results demonstrate that sample shrinkage typically led to a decrease in the volume of large pores (>235 mm) and an increase in the volume of smaller pores (29-235 mm).
Discussion
The moisture retention curves, shrinkage measurements, and 3D imaging showed differences in the physical properties of the three studied organic growing media with the different degrees of decomposition. The 3D image analyses showed that the imaged porosity (³30 mm) of the materials decreased with degree of decomposition, which has also been shown in previous studies (e.g., Price et al., 2005) . The light and dark peat materials also included amendments (roughly 10% [v/v] sand of harvested fresh material), which the moss material did not include. According to Walczak et al. (2002) , who studied the impacts of sand amendments on peatbased growing media porosities, large pore spaces >30 mm are not sensitive to sand amendments. Thus, it can be assumed that in the current study the imaged porosity changes were mostly controlled by the degree of decomposition.
The three phases of the drying curves ( Fig. 4a ) showed that the amount of available water at suction pressures 3.2 to 316.2 kPa was relatively low. Furthermore, the water reserve above 316.2 kPa is considered clearly suboptimal for plant growth. For example, Heiskanen (1995) suggested that plants may grow under slightly suboptimal conditions already at suction pressures of 10 to 50 kPa in Sphagnum peat based growing media. While the physical properties at relatively low suction ranges may be the most interesting in the case of greenhouse growing media applications, the water availability in the whole range is essential for home and garden use where growing media can often be subject to periodic dry conditions. Thus, these results provided novel quantitative information that can potentially benefit further development of Sphagnumbased growing media for different practical applications.
There were differences also in the aeration properties of the materials (Fig. 4b ). Excluding the lowest suction pressures (£1.0 kPa), the dark peat material had the lowest air content at all pressures. Heiskanen (1993) and Caron et al. (2015) suggested sufficient air-filled porosity to be about 0.3 to 0.4. Our results showed that an air content of 0.4 was exceeded material at suction pressures ³5.0 kPa in the dark peat and ³3.2 kPa in the moss and light peat materials. Thus, low air content in growing media would occur only under continuous high irrigation rates.
The results (Fig. 4 ) also demonstrated the tradeoff between water and air content within the pore space of the materials. This tradeoff was further shown to cause challenges in the usability of the studied materials, since under those conditions where the aeration was sufficient, the availability of water that could be optimally consumed by the plant was low. This demonstrated that under conditions without a well-designed irrigation schedule, plant growth in peat-or moss-based growing media can often be disturbed by the lack of easily available water or air. It was further shown that the porosity is a non-static variable that was controlled by the shrinkage dynamics of the materials. Thus, more generally, the results highlight how the links among these four physical properties can practically determine the usability of a given growing media.
Regarding shrinkage, Heiskanen (1995) noted that the addition of amendments, particularly coarse perlite, can decrease the shrinkage of peat materials markedly. The suitability of the moss material to function as a growing medium could hypothetically be further enhanced with such amendments, which would decrease its relatively high shrinkage with drying (Fig. 6b) .
The four sequential drying-wetting cycles induced a reduction in the imaged heights and porosities of all the studied samples. Our results demonstrate that the studied materials underwent a marked amount of shrinkage during drying, but unexpectedly all of the materials recovered most of their imaged height and porosity after rewetting (Fig. 6) . Our imaging results further demonstrated that the reduction in the porosities occurred vertically equally throughout the samples. Note that the porosities were higher in the vertically uppermost regions of the samples than in the lower regions (Fig. 5) . The cause of the vertical variation is unclear, but the packing strategy is one possible explanation for the phenomenon. In the current study, the moss samples underwent the highest shrinkage with drying, but the losses of porosity and height due to the drying-wetting cycles in the imaged samples were comparable to the peat materials ( Fig. 3 and 6 ). This may indicate that undecomposed materials originating from the topmost layer of the deposit have a relatively high capability to recover from the moisture cycles , which they undergo also under natural conditions.
The decomposition degree and drying-wetting cycles also induced differences in the pore-size distributions of the different Fig. 7 . The mean distribution of pore volume to different pore size classes in the (a) moss, (b) light peat, and (c) dark peat samples in the first imaging round. Mean differences in the pore volume distribution to different pore size classes before and after four subsequent drying-wetting cycles in (d) moss, (e) light peat, and (f ) dark peat samples. The error bars denote the standard deviations. materials. A higher degree of decomposition led to a higher share of pore volume in the smaller pore size classes ( Fig. 7a-7c ), which is in line with the findings of Rezanezhad et al. (2010) , who studied the structural properties of peat soils with different degrees of decomposition. The decrease in large pores with decomposition probably occurs due to the deformation and loosening of such plant fibers that can support the structure of the large pores (Rezanezhad et al., 2010) . Furthermore, on average, the dryingwetting cycles decreased the volume fraction of large pores (>235 um) while increasing the volume share of small pores (29-235 mm). Schlotzhauer and Price (1999) found that drying-induced compaction in natural peat soil deposits can be attributed to changes in large pores (³120 mm).
In the current study, the porosities quantified with 3D imaging differed from the air-filled porosities quantified with the conventional drying curve measurements. The difference was partly attributed to the challenge of distinguishing small pore spaces from low-density organic material with the applied approach. This concept was further backed up with the finding that the difference between the methods was the greatest in the dark peat samples, which contain the highest portion of small pores, and the difference was the lowest in the moss samples, which contain the smallest portion of small pore size classes ( Fig.  7a-7c ). In addition to these methodological differences, other factors such as the physical sample sizes may have induced differences between the results. Using 3D imaging together with conventional measurements provided a valuable method for producing detailed information about pore structure and its dynamics.
It is also noteworthy that the moss samples were the least sensitive to packing strategies with different packing moistures (Fig. 1a ). Thus, a relatively uniform quality of moss growing media packing could be achieved even with variable packing methods, which can be a benefit from the point of view of practical growing media applications.
Conclusions
It was shown that the degree of decomposition of Sphagnumbased growing media is an important factor determining the growing media's physical properties and controlling their porosities and pore-size distributions. The interlinks of physical properties and the tradeoff between aeration and moisture content were shown to have practical consequences for usability of the materials. When the aeration of the materials was sufficient for plant growth (³3.2 kPa), consequently the amount of water easily available for plants was low. Therefore, Sphagnum-based growing media under continuous irrigation can require a carefully planned irrigation schedule, while further development of the media for irregular irrigation conditions (e.g., private gardening) should focus on the improvement of water retention at the matrix potential range 3.2 to 312 kPa.
Even though the organic materials are prone to shrinkage with drying, all of the studied materials, including the moss samples, recovered most of their structure during wetting. However, the drying-wetting cycles were shown to shift the pore-size distribution toward smaller pore size classes in all materials. Thus, the use of amendments hindering drying-induced shrinkage of the growing media is recommended.
